Stokes shifts and near-band emission in high-Mg-content single-phase wurtzite Mg x Zn 1−x O (0.27 x 0.55) epilayers were investigated by photoluminescence (PL) and photoluminescence excitation combining laser and synchrotron excitation experiments. The observed Stokes shifts (e.g. 365 meV for the sample containing 55% Mg) as well as the 'S-shaped' temperature dependence of the maximum PL emissions were explained in terms of Mg compositional fluctuations in our sample resulting in exciton localization in potential traps and, consequently, suppression of non-radiative recombination making high-Mg-content MgZnO a good candidate for optical applications.
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In recent decades, wide band-gap semiconductor ZnO has been attracting intense attention particularly because of its interesting optoelectronic properties, e.g. significantly large exciton binding energy (60 meV) [1] compared with that of GaN (∼26 meV). Moreover, by alloying ZnO with MgO, the band gap of MgZnO alloy can be tuned between that of wurtzite ZnO (∼3.4 eV) and that of rock-salt MgO (∼7.8 eV), which makes it a promising material for fabricating ultraviolet (UV) light emitting diodes [2, 3] , UV detectors [4] [5] [6] and various heterostructures [7] . Mg x Zn 1−x O epitaxial layers were suggested to be efficient light emitters, even more efficient than ZnO, demonstrating remarkably enhanced photoluminescence (PL) correlated with the degree of exciton localization in lowMg-content material (x 0.15) [8] . Exciton localization caused by alloy compositional fluctuations has also been revealed by observation of large Stokes shift and S-shaped emission shifts in temperature-dependent PL measurements of wurtzite Mg x Zn 1−x O alloy having Mg contents in the range 3 Author to whom any correspondence should be addressed. 0 < x < 0.37 [9] . It was suggested that the degree of localization will increase for higher Mg contents resulting in more efficient suppression of the non-radiative processes and consequently better optical performance. Addressing the challenge, a significant effort has been devoted to the synthesis of high-Mg-content wurtzite MgZnO alloys [10, 11] avoiding wurtzite-cubic phase separation and discovering reproducible synthesis routes. Very recently we have reported a realization of single-phase wurtzite Mg 0.55 Zn 0.45 O films by employing an original quasi-homo buffer technique [12] . A photoconductive UV detector with a cutoff wavelength of 277 nm (well within the solar-blind range of the spectrum) was fabricated using a MgZnO film grown on a quasi-homo buffer [6] . At the present stage we see a need to document the fundamental optical properties of our material to gain a better understanding for correlating properties and device performance. photoluminescence excitation (PLE) combining laser and synchrotron excitation experiments. MgZnO films were fabricated on sapphire (0 0 0 1) substrates by rf-plasma assisted molecular beam epitaxy (rf-MBE) employing the quasi-homo buffer technique as required previously [12] , and structural quality and composition were determined by x-ray diffraction and Rutherford back-scattering spectroscopy [12] . Among the host of samples, three samples were selected for this study, . It should be noted that all the samples are obtained with a single wurtzite phase, so that no issues related to phase separation are to be taken into account when interpreting optical measurements. The temperature-dependent PL measurements were performed using 266 nm laser pulses at a repetition rate of 250 kHz and an average fluence of about 10 W cm −2 (Coherence Inc.), and the spectrometer had a wavelength resolution of less than 0.09 nm. Low temperature (40 K) PL and PLE experiments were carried out using a synchrotron radiation UV light source (U24, National Synchrotron Radiation Laboratory) with a light flux of about 2 × 10 9 photons s −1 and a spot size of 0.3 × 3 mm 2 . The whole light path was inside a high-vacuum chamber with a background pressure below 1 × 10 −9 mbar, and the wavelength resolution was below 0.2 nm. Figure 1 shows the 40 K PL and PLE spectra for samples A, B and C (see the respective panels) and the relationship between Stokes shifts and Mg contents (panel (d)). The wavelengths of the excitation light source for PL measurements of samples A, B and C were 290 nm, 266 nm and 260 nm, correlating with the band gaps in the samples. The PL peak energies with maximum intensity in the near-band emission range (E PL ) were found to be 3.900 eV, 4.236 eV and 4.345 eV and full width at half maximum (FWHM) of PL emission peaks 162 meV, 198 meV and 214 meV, for samples A, B and C, respectively. Providing the corresponding Stokes shifts of 130 meV, 235 meV and 365 meV, the trend for the Stokes shifts to increase as a function of Mg content in MgZnO alloys is summarized in figure 1(d) . It can be seen that the Stokes shift gradually increases consistently with the data in [9] and reaches a maximum value of 365 meV in the sample having 55% Mg. Stokes shift has been previously used in the literature to estimate the degree of alloy broadening effects and generation of localized tail states [9, 13] . Based on these terms the results in figure 1(d) suggest that the degree of localization in MgZnO increases as a function of Mg content interestingly. Compared with a similar effect in AlGaN alloys [13] , the compositional and band-gap fluctuations in MgZnO alloys may be more significant specifically judging from much larger Stokes shift values in high-Mg-content films (symbols in figure 1(d) ).
The typical results of temperature-dependent PL measurements for samples A and C are shown in figure 2 and we emphasize the corresponding shift of E PL positions in the samples. It is well established that E PL values, in the first approximation, follow the temperature-dependent band-gap shrinking trend conventionally given by Varshni's equation,
, where E g (T ) and E g (0) are the band-gap transition energies at T and 0 K, respectively, while α and β are constants which we adapt for a further analysis from [14] : α = (8.2 ± 0.3) × 10 −4 eV K −1 and β = (700 ± 30) K as used for the A exciton transition of ZnO. In pure ZnO and MgZnO with a low Mg content, the evolution of E PL with temperature normally follows the Varshni formalism resulting in a continuous red shift in the E PL position [14] . However, figure 2 demonstrates a competing blue-red shift trend as well as a more complicated 'S-shaped' trend for samples A and C, respectively.
Note that the S-shaped temperature dependence of E PL has been extensively investigated in (In,Al)GaN alloys exploiting these anomalous optical transitions in terms of the exciton localizations. A number of reports have shown that the excitons in InGaN are localized in deep traps within indiumrich regions resulting from partial phase segregation [15, 16] , and it has a significant effect on the suppression of nonradiative processes and the performance of InGaN-based optical devices [17] . On the other hand, it was concluded that the exciton localization in AlGaN originates from the alloy compositional fluctuations, since neither an ordering effect nor phase separation exists in these ternary alloys [13, 18, 19] . Similar to the case of AlGaN, the x-ray diffraction results of our high-Mg-content MgZnO samples indicate the absence of ordered domains and phase mixing. Moreover, the FWHM values of (0 0 2) rocking curves for our Mg x Zn 1−x O (x = 0.5 and 0.55) samples decrease significantly from 0.06
• and 0.23
• (as-grown films) to 0.04 • and 0.09 • (after high-temperature annealing at 900
• C), respectively, which indicates the thermal stability and high quality of these samples, as well as the singlephase structures. Based on this similarity we suggest that the excitons in our samples are localized in the band tail states generated by alloy compositional fluctuations, contributing to the S-shaped E PL dependence in figure 2(b) . Figure 3 shows the band-gap shrinkage of ZnO plotted from Varshni's formula ( figure 3(a) ) and the temperature dependence of PL peak energy for samples A and C (figures 3(b) and (c)), respectively. In the temperature range 2.5-50 K, a blue shift (∼9 meV) of the E PL was observed for sample A (Mg 0.27 Zn 0.73 O). Taking into account the contribution of thermal band-gap shrinkage working towards red over this temperature range, the essential blue shift should be even larger. After 50 K, the E PL is red shifted following the temperature dependence of the band gap shown in figure 3(b) . As mentioned earlier the E PL evolution in sample C is even more complicated ( figure 3(c) ). First from 2.5 to 30 K, E PL shows a red-shift yielding ∼13 meV, an order of magnitude higher than the normal energy shrinkage in accordance with Varshini (1 meV). When temperature increases from 30 to 90 K, E PL increases gradually showing an anomalous blueshift trend, while at temperatures >90 K E PL follows the normal band-gap shrinkage. Such 'S-shaped' E PL evolution in samples may be explained by the following mechanism. With the initial temperature increase, carriers localized in the lower potential minima will overcome the local potential barriers, occupy energetically deeper potential traps and recombine giving rise to a red shift of the luminescence energy. A further increase in the temperature will cause the thermal activation of the carriers relaxing their localization in the deepest potential minima, and thus results in a blue shift of E PL . Finally, at higher temperatures the E PL is determined by the normal temperature dependence of the band gap. In sample A having a significantly lower Mg content (x = 0.27), the degree of local potential fluctuations may be less pronounced, thus the first red-shift process cannot be distinguished in our measurements. The temperature for the blue-shift development increases with increasing Mg content from 50 K (sample A) to 90 K (sample C) indicating a higher thermal activation energy of the localized carriers in the deepest potential traps as well as bigger potential fluctuations, similar to the situation of the AlGaN alloy [13] .
In order to investigate the quantum efficiency (η) and carrier dynamics of PL emission from the localized excitons, the integrated PL intensity was analysed in the temperature range from 2.5 to 200 K and Arrhenius plots of the normalized integrated PL intensities are shown in figure 4 . Assuming η = 1 at temperatures close to 0 K, the temperature-dependent lifetimes of radiation and non-radiation processes can be determined by the following formula:
, where the total lifetime is determined by 1/τ total = 1/τ r + 1/τ n , and τ r and τ n are the radiation and non-radiation lifetimes, respectively. At very low temperatures, the radiative processes dominate the recombination transitions. When the temperature increases to a critical point, the change from radiative to non-radiative transition emerges, becoming dominant at higher temperatures. It can be found in figure 4 that the transition from radiative to non-radiative processes (τ r = τ n ) occurs at about 20 K and 80 K for samples A (Mg 0.27 Zn 0.73 O) and C (Mg 0.55 Zn 0.45 O), respectively, correlating with thermal activation of localized carriers.
Therefore, it can be concluded that the potential traps in MgZnO alloys are very efficient in inhibiting the non-radiative recombination and the phenomenon is more pronounced in MgZnO samples with a higher Mg content.
In summary, composition-fluctuation-induced exciton localization of high-Mg-content single-phase wurtzite MgZnO samples was investigated by low temperature PL and PLE and temperature-dependent PL. A large Stokes shift value (365 meV) indicates significant Mg compositional fluctuations in the Mg 0.55 Zn 0.45 O alloy film. An anomalous 'S-shaped' temperature-dependent PL emission shift was observed, which is more pronounced in the higher Mg content samples. These phenomena are explained in terms of strong carrier localizations in potential traps suppressing non-radiative recombination processes, suggesting high-Mgcontent MgZnO to be a promising material for optical electronics.
